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Abstrsct

Experiments show the effect of 8elfolnduced convection on Individual den-

drlte grovth In onifonmly supercooled sm-ples and solIdificatlon of the

resulting mush under conditions of hlgh (2) _nd low (.05)g. Convection Is

visualized by a Schlleren optical system or m Nach 7.ender Interferc_eter. For

ice crystals growlng fros the vapor In air, m slight reduction In llnear growth

rate occurs under toy g. For ice crystals grovIng fro.. NJCI solution, dendrite

tip velocities are unchanged, but subsequent _sh solldiflcstlon ts enhanced

through dralnage channels under higher g. By contrast, sodium sulfate deca-

hydrate dendrltes _rrowing from solution produce convective plumes vhlch lead to

higher tip _rowth rate only as the crystal _rrowth direction approaches that of

_ravtty. Convective plumes are laminar for saall (I00 _) crystals under

conditions of these experiments; the rise velocity of such plumes Is greater

than individual vortex rings under Identlcal conditions. Convection effects are

only present In solution under a crttlcal supercoollng less than about 5"C for

sodlum sulfate and 2°C for ice In sodlun chloride since at higher supercooling

the crystallization velocity, proportional _ the square of the supercooling,

exceeds the convective velocity, proportional to the square root of the super-

cooling. The role of convective velocity In bulk solidification Is to give a

large scale flow _hlch under extreme cases _a 7 lead to extensive secondar 7

crystal production, _hlch alters the resultlng crystal texture of the completely

solidified melt. Suggestions are made for further studies under _ore hlffhly

controlled conditions of a shuttle/space station envtrorment. Future expert-

r_ents for tr_veSttcatln_ the fundanental _spects of both extreme crystal growth

habits and associated fluid motion should utilize a variable g environment from

< ln-3 to at least 2 g.
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I • I h'TRODUCTION.

Change of phase In any physical system Is critically linked to two pro-

cesses. First, nucleation requires • thermodynamlc drlvln_ force to overcome a

potentlal barrier to form an embryo large enough to grow rather than dissipate

under the .--blent conditions. Second, the mass and heat transfer process is

limited by both kinetic phenomena st the Interface between the two phases and

molecular transport processes towards and way from the Interface In the bulk of

the materlsl. These conslderatlons have general applicability for all phase

changes - solid - liquid - vapor, whether as pure isterials, as s mixture, or as

a solution. A special case arises den mass transport can he neglected, as for

example in crystallization from a pure melt or vapor where growth rate is en-

tirely detervmlned by kinetic and heat transport considerations. Even in this

ease, in practice, trace impurity segregation at the interface may eventually

lead to some limitation resulting from mass transport considerations, as In the

case of - vapor - liquid ÷ solid (V.L.S.) crystal growth. In a similar way, It

is possible that heat transport can be neglected, and the situation be entirely

controlled by mass transport or klnetic effects - as In the case of slow glass

crystallization. In general, all three aspects of the crystallization process.

b-at transport, mass transport and Interface klnetles --,st be assessed.

The nucleation process ttself Is often dominated by the presence of impurity

nucleation centers, which prevent the occurrence of substantial supercooling or

supersaturation. On occasion hoover, situations can be contrived where these

centers are essentially absent and nucleation occurs by growth from large

clusters of atoms and molecules arising by aolecular fluctuations. This is

homogeneous nucleation of the substance by Itself as opposed to heterogeneous

nucleation by impurity.



In practice, experimental techniques for the study of this process conveniently

follow from the simple process of taking smaller and smaller samples umt[l the

probability of having impurity Induced heterogeneous nucleation is reduced to

Insignificant levels. Nature effects thls technique very effectively In clouds

In the atmosphere, which consist of water droplets some I0 _ diameter, many of

which can supercool to temperatures near - 40"C, to freeze by homogeneous nucle-

atlon (Mason, 1971). Thls situation Is opposed to that of freezing of a bucket

of water which readily occurs at less than a few degrees of supercooling by the

chance occurrence somevhere throughout the volume of one impurity nucleus.

Similar considerations apply for the solidification of all substances. A second

complication arises In the freezing of large vohmes in that secondary crystals

may be produced in assoc[atlon with the primary growth. These crystals grow and

are transported to places elsevhere [c the melt either by lnduced fluid flow or

because of their own buoyancy. In freezing rivers, these secondary crystals are

readily vls:ble as large numbers of "frazIl" Ice discs (Daly, 1986), which

result In a complex polycrystalllne structure of a frozen melt even though Its

freezing may have been Initiated by a single crystal (Estrin, 1975). Similar

phenomena and crystal textures occur In crystallizing metal Ingots (O'Sara and

Tiller, Iq67; Garabedian and Strickland-Conatable, 1974). A further complt,:a-

tlon arises at very large supercooling when nucleation of new crystal orlen:a-

tlons may occur on a crystal already growing to give a poly-crystalllne

structure by quite a different physical process (Hallett, 1964; Knight, lC71),

electrical effects may enhance the process (Evans, 1973).

Th_ considerations outitned above can readily be carried over to cryst all '.-

zatlon of other systems. For example, ice and silicon have much in common (both

expand on freezing), and the Initial crystallization and subsequent freezing of

llould drops have similarities In spite of the difference of melting tempera-

ture.



Investigations of these phenomena amy be greatly facilitated by study In an

environment of low gravity. Particles of one phase In another are usually of

different densities, and sediment by buoyancy. While suspension on fibers or a

substrate Is possible to avoid sedimentation in a _ravity envlrona_ntt such sur-

faces lead both to undesirable nucleatlon sites and to additional heat transport

during growth. Second. natural convection occurs around parclcles of different

phase because of the density differentials resulting fro,, mass and temperature

gradients in the fluid Itself (CarrutEers, 1976; Railett and ¢edtm, 1978; Chen

et al., 1979). Zn high gravity, this motion enhances both mass and heat

transfer, and local fluid shears may lead to crystal fragmentation.

In the complete absence of fluid motion, with transport occurring entirely

by molecular processes, Instabilities develop which Interact with the crystal-

lographic anlsotropy and lead to gro_rth In non-spherical or non-cylindrical

shape (_lltns and Sekerka, 1963). In this case the higher order solutions of

the LaplacIan of a spherical or the equivalent for a cylindrical diffusion field

reinforce periodic variations In the crystal symmetry. Such instabilities are

changed further by fluid motion (Gllcksman et al., 1984; Fang et al., 1985;

Glicks_an et al., 1986) lnducing periodicities different from or superimposed on

those _f the crystal structure Itself. Similarly, hydrodgnamic Instability of

boundary layer fluctuations when an 1mposnd fluid flow Is present amy lead to

fluctuation In impurity concentration (Carruthers, 1976). In the same _ay growth

of a falling crystal will be influenced by both natural convection of the en-

vironment because of fluid density differences resulting from Its growth, and

its o_ fall velocity. The ultimate crystalline structura of a frozen melt or

an a_,_re_atlon of crystals grown from the vapor such as a snow pack, and its

_echan/cal and electrical characteristics will be dramatically influenced by the

detall of these parameters.



The ultimate structure of the whole aggregate- frozen melt or snov pack

depends on rvo distinct processes. The Initial processes result from crystal

_rovth and crystal motion and sedimentstion. The second process results from

heat transport at the periphery. A su.t_rcooled melt begins crystallization by

dendrite propagation throughout the volume, freezing a small fraction; f:

f = l ._.W (_ = melt specific heat, L - fusion latent heat)
L

AT = supercooling

at small supercooling, followed by complete solidification from the outside.

This may or may not he s_etrtcal, depending on the symetry of the heat loss

at the outside walls. Prior to coaplete solidiflcstion, bouyant fluld motlon

nay occur within the mush, depending on the cell size (Powers et al., 1985,

Ruppert and _k_.-.ster, 1985). Both stsg_s may give rise to Impurity distribution

and segregation which lead to s complex structure; In the case of a substance

which expands on freezing (as Ice or silicon) Internal pressures often lead to

e lectlon of melt as a spike and possibly mechanical fracture. In the atmosphere

or in a shot tower thls can lead to drops of simple or complex structure de-

pendlnR on the condltlons. The detsiled structure of such frozen arops has

l_plicstion in the use of solidified frozen metal droplets when used, for

example, as the basis of material for powder metallurgy or solar cells.

This report describes experiments performed in the laboratory and in s gra-

vltv environment controlled by a maneuver of a KC135 aircraft. Experiments utl-

llze short (20s) periods of low _ in a parabolic trajectory and higher (l.R) g

in pulIout over a somewhat longer period. The studies form a basis for experi-

ments which can uniquely utittze long periods of tow g available on space sta-

tion or shuttle environment to enhance our understanding of the role of

convection in crystal _rowth.



2. RXPE RI H_NTAL.

s. The systems: Two quite distinct systems have been utilized to study growth

of dendrites:

i. A volume of liquid is uniformly supercooled (supersaturated)* with respect

to the solid phase. This is achieved by taking s tank of volume I0 to

l_O0 ml, and cooling it to s uniform temperature, such that nucleation does

not occur. Uniformity of temperature, Investigsted by s probe traversing the

volume is uniform to _,+ O.I'C In these experiments. Nucleation ls achieved in

two bays. In the _Irst case. a s£r_le crystal of knovn orientation Is slowly

inserted into the upper surface of the liquid; the subsequent growth takes

place downwards Into the liquid and m_y be single crystalline, isomorphic

with the nucleating crystal, or polycrystal]ine depending on the temperature.

In the second case, nucleation is achieved by moving a small crystal or a

liquid nitrogen cooled wire along a narrow tube vhlch has o_e end above the

l iqoid surface and ends in the hulk of the liquid. Crystals grow from the

tube tip into the liquid, and may be single or polyerystalline depending on

the nucleation process and the amount of supercooling (Fig. 1).

*FOOTNOTE: Strictly "supercooled" refers to the temperature d[fferenee between

the actual temperature and the equilibriu_ erystal-llquid temperature; super-

saturated refers to the ratio of excess concentration to equilibrium con-

centra_ion at the liquid temperature (equivalent to relative hualdlty for _rater

vapor). Convention uses s"Jpercooling for a pure liquid, and the solvent, (for

example ice growth in supercooled NaC1 solution) supersaturation for a vapor or

solute (for exaragle, SaC1 crystals growing in a su'persaturated NaC1 solution).

_ny solutior, has the capability of being supercooled with respect to the solvent

and supersaturated with respect to the solute. It could, in principle also be

superheated with respect to boiling at the same time (Sallett, 1968).
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11. .qteady state supersaturation in s vapor can readily be mchleved by using m

thermal diffusion chamber. This comprises t_ horizontal parallel flat

plates, both covered uniformly with the tmtertal being studied. The upper

plate ta maintained at s higher temperature compared with the lower plate.

Since the vapor density gradient between the plates Is approxIlately llnear

and _he saturated vapor density (Clausius-ClapeyTon relation) approximately

exponential, the lld-reRion of the chmsber becomes supersaturatedt with a

saximus Just below the center. Thls value can be calculated In a situation

where _LII aerosol and other growth sites are absent (Fig. 2a). Crystals

readily grow c_ a narrow vertical rod in this region. This may reautre being

cooled with liquid nitrogen to nucleate the crystals, which grow radially

outwards. Crystals oriented at 90" to the support eventually outstrip the

others to _Ive _II defined, Individual single crystals. The chmsber design

Is such that troll effects (both thermal and concentration) must be unimpor-

tant In the center relziotl where crystals grow. This requires an aspect ratio,

width: height > 7:1. [_stz mad Varabel, 1975] Fig. 2b.

In each case crystal growth is recorded by cIne camera or VCR, using a long

working distance optical system.

b. Ventilation

The effect of fluid flow on growth rate in these systetm my be investigated

in several ways. In the ease of the growth of dendrites in solutions it is con-

venient to move the dendrites with respect to the stationary solution. This is

achieved In practice by moving the tube and dendrites immediately after nucie-

ation by a screw transport (Fig. lb). In the case of the diffusion chamber,

ventllatlon may be achieved by making the chamber part of a wind tunnel

(Fig. 2c) such that air moves In a closed loop horizontally, the upstream length

of the chamber being long enough to achieve equilibrium of the vapor density and

temperature profile between the plates (Keller and Eallett, 1982).
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Fluid motion also occurs by buoyant convection In low g. This may take place

from the dendrites themselves, since these grow from the =-blent fluld and give

rlse to local concentrltlon and temperature gradients and hence density differ-

eoces. Notion say also occur from the walls in the thermal diffusion chamber,

since in practice, these walls need to be -_lntained slightly warier than the

linear temperature gradient Imposed at the chamber center to prevent crystal

growth on the viewLng window.

I_ the case of an bmposed _otion, velocity can be measured directly. The

crystal orientation with respect to the motion can also be selected by rotating

or tilting the rod or tube. The effect of self-induced convection can ouly be

Investigated under specific conditions. It Is Ispracticable to use particle

tracers for fluid flow vlsualization (using for ex..-ple s Doppler velocimeter)

since particles will have unknown effects oa the crystal growth. Refractive

Index discontinuities can be vlsualized using Schlleren optlcs or a Math Zender

Interfercmeter, the limitation here being that the effect is integrated along

the line of sight through the solution, and depends o_ the Integrated refractive

index chan_e along this path being great enough. Such an arrangement can drsplay

the overall density (refractive index) patterns, and give veloclty magn£tude and

direction should minor perturbations in flow occur. The effect of the flow oQ

growth can be investigated in a non-steady state under conditions of low (0.05)

g In KC135 parsbols. As soon as low g Is reached, motions - both locally near

dendrites _ overall antions from the chsaber _Llls _uld be expected to die

out with s time constant

2
d d -, system or de_drlte size

v v - kinematic viscocity

vith _rowth continuing after ~ 5 time constants uninfluenced by any further

wo t ion.
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c o Visualization

Density gradients around a growing crystal can be visualized through the

associated gradient of refractive index. A simple technique uses a Schlteren

optical system (Fig. 3a). Two large focal length mirrors produce a parallel

bemm through the growth region, with a point arc lmmp as source, and a knife

edge at the focus. With uniform medium In the path, no light passes beyond the

knife edge; refractive Index gTadients deflect _he light to give bright regions

where the effect is greatest (golden and North, 1956). Frol a consideration of

successive shallow layers thickness dz, refractive index change du, from the

environment no we can show that the angular deviation Is given approximately by

L dn

n o dz

The actual deviation will depend on the profile of
dn

in the dlrectlon of
dz

viewing and will be represented by an Integration over L of the above expression.

The _eoletry of the layer Is obviously very Important. A flat slab gives no

deviation to the beam whereas a wedge will give a deviation to be computed fro_

the usual relation for a prism, __th, either a greater or lower refractive index

than the environment. A better approximation could be achieved with a parabolic

proflle to represent the usual boundary layer shape. In the experiments to be

described, the dimension of the region influenced by the growlug crystal Is

1 ms. Taking the spot size, d, for a zero magnification wLth Identical mirrors

d
as 3 am, an effect would be expected for angular deviation of _ ~ 0.1 °

dn
(f = mirror focal length l.S& m In these experiments). This gives _z as

10 -3 mm-1. This provides a practLcal lo_er limitation to the density and hence

refractive limitation of plumes that can detected by this technique.
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A more precise technique which is capable of direct measurement of path dif-

ference uses an lnterferometer technique. For a Large system (capable of holo-

graph recording) the Math Zender [nterferometer is set up to give parallel

interference fringes using a monochromatic light source, (Owen, 1982) (Fig. 3b).

Gradients of refractive index are manifest as deformation of the interference

pattern. The interference technique uas first used by Rmsphries-Otmn (1949) to

investigate the diffusion field around a growing crystal between optical flats;

the Rach Zender interferometer gives s much greater working vol_ well sepa-

rated from the optical surfaces. For a refractive index difference of An over a

length L for the one _ravelength difference between fringes.

l
An =

L

= _avelength of light.

This gives 6n of 6.3 x 10 -4 for k = 632.8 ms and L = 1 m.

The difference between fringes can usually be resolved to better than 1/10

fringe width, so It is clear that the Interference technique is capable of con-

siderable precision; the inherent design compensates for envirommental tem-

perature changes. The sdvantaFe of the Schleiren system is that it Is very

simple to set-up and record, not too sensitive to vibrations and local alr con-

vection currents; it gives a large field of view, although oQly a qualitative

picture of the convection process. In these studies, the Schlleren system was

used in the laboratory, and the NASA Nach Zeuder vystem in the KC135 studies.

3. T_EORETI CAL (DNSIDKRATI0_S.

a. Thermal and ,,ass haIance.

Some insight Into the denslty differences surrounding growing crystaIs can

be obtained by a simple heat balance analysis. This has been examined in

detail by O'Hara and Reid (1973) for solution and Mason (1971) for vapor

grovth.
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Consider a spherical crystal growing from a supercooled or supersaturated

environment. Heat transport can be represented by

dO = _ /_rK(Ts_T. ) FH • l
dt

Where r, crystal radius, which can be replaced by electrostatic

capacitance for non-spherical shapes

Ts, T®, surface telperature (considered tmlforl) and
environmental temperature

W, thermal conductivLty of the envirorment

FH, enhancement by fluid motLon

and mass transport by

d.__u= + _r l)(os-p.) FH ..... 2
dt

D, diffusion coefficient

Ps, 0®, surface density (considered uniform) and environmental density

FN, enhancement by fluid motion

As a first approximation, we assume that Ps, and Ts are at equilibrium and

given by the Clsusius-Clapeyron equation. The equations /gnore crystal-

lographic and kinetic effects, which give antsotropy and invalidate the

above assumption of equiltbrlum.

_nder steady state conditions, there Is s balance between outward beat

transport and latent heat released by growth:

dm dO
L dt = dt ....... 3

where L Is the appropriate latent heat.

Thls gives Os - O. = _ K • FH

T s - T. LD FH

with FH = FN = 1 for molecu/ar processes without motion.
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It Is convenient to examine the solution of the equations graphically

(Fig. 4). The full line here represents the equilibrlu_ relation between the

concentration (solution) and vapor density (gas). The point To, p_ represents

the environDental conditions, which arc assumed to relaIn unchanged during the

experiment. Equation (4) represents the equation of a straight line, which

passes through this point and Intercepts the curve at Ts, Os the surface condi-

tions of the crystal. Extreme cases arise for mall diffusion coefficient

LD (( _, making the line nearly vertical - there Is no significant Lncrease of

temperature; density difference is given directly by Os (T,) - 0® (Fig. 4). For

large LD )) K on the other hand and for a pure material, the slope approaches

zero, and the surface temperature Increases to that where the vapor press.zre is

close to that of the environment, _ich limits the rate of growth°

For ice crystals growing from the vapor In air st 1 atmosphere, LD - K so

that the surface temperature lies somewhere between° In practice the surface

temperature of the growing crystal Is _LIso Influenced by the effective curvature

through the Kelvin effect and the molecular kinetics of the surface. These are

orientation dependent for a crystal which Implies that the actual growth rate

and surface temperature are orientation dependent which requires a =Ach deeper

level of analysis and Is currently sn Important topic in crystai growth [Huang

and Gllcksman, 198Is,b; Gllcksman, 1984; Laxmanan, 1985 a,b,c; Tewari Rnd

Laxmanan, 1987]. Strictly. this analysis Is applicable to a solid sphere, a_d

to a first approximation a dendrite tip and the local fluid can be so consid-

ered. The analysis cannot be applied directly to an array of dendrites, where

liquid between the dendrites is heated toeards the equilibrium point. Under

these conditions, the environmental temperature rises successively as crystal

growth continues through the bulk of the liquid (Fig. 5) until It approaches the

equilibrium point and crystallization ceases (adiabatic crystallization).
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In the case of growth In a pure liquid, latent heat from the growth of an

IndLvldual dendrLte passes Into the environment to LnhLblt the growth of neigh-

boring crystals, giving rlse to a specific dendrite and dendrlte arm separation.

Under these condItLons, a Lushy system ensues (called spongy Ice for water) Ln

oAT

which a fraction I - L----f remains liquid and In which the temperature has

risen to a value approaching To, coalng to equilibrium at a mean Kelvin radlus

of the crystals. The equilibrium temperature In this case (ice - solution) Is

not that of the original solution, since, some Ice has formed and rejected Ions

to gLve a higher concentration, and a corresponding further lo-_ertng of the

equlltbrttm temperature (Fig. 6). It Is clear that the tlme for this crystallL-

zatton, (as Lee Ln water or solution) Is much shorter than f_r sodium sulfate

(Fig. _). This demonstrates the role of crystal kinetics during solidification;

there Is evidently a rate 1LmLtLng process for decahydrate growth at a few

degrees supercoolLng (growth on screw dislocations) which Is absent for Ice

growth (growth on a molecularly rough surface). Temperature changes over a long

tLme (IO00 s) on the scale of O.OI*C result from changes of equilibrium radii of

the crystals (Gllcksman and Voorhees, 1985). If such s system Is large (a magma

cha-,ber, a supercooled tank or lake) the lnterior regions may be Lsolated ther-

mally and dLffustonally form the outside, the mechanical structure of the crys-

tals Inhibiting significant fluid motions when the Interstice size is small. In

the case of growth from a pure vapor, (density ~ lO-3 liquid) the m-blent vapor

presure can lie below or above that of the triple polar, in the former case,

growth may occur In skeletal crystal form, similar to the liquid but at a much

slower rate; Ln the latter case the crystal surface temperature can rise by

released latent heat above the triple point and all crystals melt.

In smw_ary, the crystallization _f a vapor/liquid Is limited by the presence

of a diffusing medium and by the way In which crystals grow. ,'he density excess
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around the growing tips cannot be computed from first princlplesD since esti-

mating the feedback of the environmental conditions on the shape and k-tnetlcs of

the crystals is beyond our current abil Itv. The studies reported here are

designed to Investigate some aspects of the growth systems from the viewpoint of

giving Insight Into the physical parameters of Importance.

b. Role of fluid motion fn crystal growth.

kThen a phase change takes place_ wlt_ one or both phases a fluld, density

differences In the fluid resultin_ either from changes of composition or dif-

ferences of temperature through latent heat release_ as described In the last

sectionp lead to local buoyant convection. In addition t more organized motlon

may exist whlch results from an overall driving force - for example dendrites

gro_ Into a cooling melt with an overall cellular circulation of the dimension

of the melt Induced by coollng at the upper Interface (Gilpin, 1976).

In genera11 the onset of convection Is given by the Raleigh number

Ra _ d 3
= _ where, Apg is the buoyancy in a system dlameter d_ thermal

0 _v 0

diffuslvlty _ and kinematic viscosity v. Thls partier represents the ratio

of buoyant and viscous forces in a fluid such that a parcel of fluld will tra-

verse a distance d before significant diffusion of heat and momentum to the

environment takes placeo For convection between horizontal surfaces experimen-

tal studies show that convection cells begin for P,a ) 650; for a t_tlted or ver-

tical surface some influence of convection _uld be expected for values of

Ra > 1 (Turner, 1973).

In the case of crystals growing in a fluid the [deallzation of a plane hori-

zontal surface Is clearly not appllcable. It Is necessary to specify first the

geometry of the _rowth Interface and the associated buoyancy excess; the _rk to

be described later examines this problem experImentally° In the case of natural

convectlon_ wlth a speclfied buoyancy excess, the beat transfer can be related
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to a Grashoff number, Gr Ra u
=p--_ ; (Pr = Prandtl number_ and the Nusselt number

Nu, (-= FR, FM,) selected by dimensional considerations:

Su _ 0rl/4

For forced ventilation on the other hard with a prescribed velocity, the

heat transfer can be related to a Reynolds number Re,

Nu _ Rel/2 _ Velocttyl/2

If we assmse that a buoyant force Is balanced by the drag force for large

Reynolds numbers with dominant Inertial forcesp we have:

4 oU 2•_-xd 3 AOg - 1/2 CD _d 2 . . . . . 5

Flence,

d

where C D !s the drag coeffic/ent of the buoyant fluid parcel.

Conversely, for small Reynolds nmaber and dominant viscous forces

A0g63 = ._
6

u_ _ or A__

W

_ere _ - flow dimension _ d crystal dimension and _ is the fluid viscosity.

From these dimensional considerations, the convection velocity dependence

chan_es as the individual flow becomes turbulent. In the case of a naturally

convectlnR system with [ncreaslr_ ventilation, a Reneral relationship

Nu = Crl/A Rel/2

vould be expected in the transition regime

One other parameter of interest Is the time constant for Initiation of a

convective plume. This .lay be computed to sufffcIent approxJ[mat:[on by assuming

a coherent sphere (radLus d) of fluid of appropriate excess density starting

from rest at the growing crystal. For viscous force doltnatlon this can be



written

& dv & 3

3 dt 3
• • • • 7

where V is the changing veloclty In tLne t. O. ot denatt! of the fluid mar--

roundin_ the sphere and of the enviromnut, of viscosity _.

a velocity Increasing expoaentiaUy to s limit

The solution give8

vlth a tiue constant

2 d 2 (o - _)
v-_ _ s ....... e

Approxlnate values are 8houm in Table I for different situations. Re]molds

nmubers are computed From observed convective velocities a_! Indicate a lack of

turbulence In the convective phase. The mall values o_ I_ l_lfcate no Induced

convection at a horizontal surface; _er, coovtctton obvlonsl7 occurs at a

sloping or vertical surface (Ra > I) uhen these criteria do not apply, altboush

little could be exvected for the case of Ice In air for smaller crystals under

the specific conditions of Table 1.

In the case of flow at Larger buoyancy, giving larzer velocity and higher

Reynolds mmber _ amy write

• • • • 9

4 3 1
_-_d (o- _) S'y PU_d2Co

vhere CO Is am empirical drag coefficient and a function of I_yuolds mmber. In

this case

.a /-(o- cm) _ ..... lo
V

This Is to be compared with the direct dependence on (o- oE) g for viscous

flov.

24
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4. DIMENSIONAL AND PRACTICAL CGNSIDERATIONS IN CRYSTALLIZER DESIGN.

a. Diffusion chamber - steady state system.

A crystal growing in the center of the chamber under conditions of these

experiments has a growth rate up to l0 tul s -1, and grows up to I - 2 cm long.

Individual crystals are selected for measurements, growing horizontally: excess

crystals may be reloved by shaking and once one crystal Is ahead of the others,

It Is favored for growth. The chamber achieves steady state, once the temper-

atures are set with time constant

2
x

Wl_ere _ Is the water vapor or thermal dtffuslvity

of the system ~ 0.2 c_ 2 s -1

With x = 11/2 cm, _H _ 10 s

A more practical consideration is that on start-up, rmclef In the chamber need

to be rained out, so that the air is quite particle free and will enable a

supersaturation to be achieved. This takes 10-20 minutes and can be monitored

separately by a laser scattering experiment. The time constant for Internal

convection In the chamber - caused by heat flow from the warner stdetralls

towards the chamber interior Is similarly

2
d

v

2 s_ 1
With v _ 0.2 cm and d ~ 3 cm gives _ ~ 50 s. This means that large

scale (chamber size) convection will die out with this tIQe constant. In this

experiQent, this scale of motion w111 not be eliminated during the typical low g

of 2n s - It may be reduced by a factor of 0.25 to 0.75. Notion around a den-

drlte tip on the other hand, with much smaller size (< 0.5 cm), _uld die away

with a time constant of < 1 s which can be neglected o
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bo Solution growth.

Residual convection Ln the chamber Is neglected with temperature uniformity

of _ 0.O5 ° C. With crystal growth from the chamber center towards the walls,

two limiting Interactions are possible. FLrst, a thermal wave may spread out

to the wails, and the whole system may warm up, changing conditions for sub-

sequent crystal growth so the situation Is no longer adIabatLc.

The time for this to occur [s

X = 1 cm

K water _ 10 -3 oms -1

2
X

K

~ I000 s

This can evidently be neglected In any low g experiment, Even In the large tank

experiment, x ~ IO cm, with slow growth observed over I00 s, these considera-

t ions can be neglected. It Ls pointed out however that in very slow growth

experiments, with crystals growing over several days, these considerations are

of major importance, with heat conducted to the chamber walls being removed by

the cooling system, so that the adiabatic condition no longer applies.

A further consLderatIon comes from mass transport by diffusion. Crystals

_rowlng In the center of the chamber establish an approximate spherical dlf-

fuslon field, which in the absence of convection reaches steady state Ln a

R 2
t line

D

For a crystal 1 mm - I cm diameter, D _lO-5em2s -1 gives 103 to 10 5 s. These

tlmes are long for all experiments conducted here; however they are of concern

In long periods of slow growth which could be attained In a shuttle or space

station environment. The time constant for initiation and stilling of the solu-

t ion under this condition is

2
X

V

2 -1
For solution, v _ I0 -& cm s and _ ~ +104 s. Hence under KC135 low g of

20 s, large scale stilling will not occur.
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V

On the other hand, time for initiation of convection fro= a small buoyant

blob Is short. This can be assessed by consideration of the sudden release of a

buoyant sphere of liquid, and computing the time constant for acceleration.

If we assume that a buoyant force Is balanced In steady state by the drag

force for large Reynolds number wlth dominant Inertial forces we have:

4 3 1 002 2
_r &og - _ C o _r ..... II

Rence,

Z/2
u = (e_._ r)

o CD

where C D Is the drag coefficient of the buoyant fluid parcel.

For small Reynolds number and dominant viscous forces on the other hand:

& 3 9 _or 2

_r Ao TM _ _rU and U =_

where _ £s the fluid vlscosttyo

Rence, the velocity dependence changes as the £udtvldual flow becomes tur-

bulent, the velocity In this case resulting from the buoyancy. The tlme

constant for Initiation of a convective plume may be computed to sufficient

approximation by assuming a coherent sphere (radius d) of fluld of appropriate

excess density starting fro= rest at the growing crystal and solvIng the non-

steady state equation. For viscous force domination thls can be _rrltten

4 3 dV = 6_ndV - a 3
T _d 0 d--_ _ td (o - OE)g .... 12

where V is the changing velocity In time t, O, OE fluid density of the fluid

surroundin_ the sphere and of the environment, of viscosity _. The solution

_[ves a velocity Increasing exponentially to a limit

2 d 2 (o- 0 E)
v = _ n g ...... 13

with a time constant
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In the case of flow at larger bouyancy, giving larger velocity and higher

Reynolds number we may write

4
dv 10EV2 a2CD _ 4_ 3_a3° _- = _ 3 _a (o-p_) g .... 14

where CD is an empirical drag coefficient and a function of Reynolds number. In

this case the time dependence comes from the solution of

dv

3 0E Cv V2 _ (0 - OE) = dt ........ 15.

8 p d p

For the present case, the Reynolds number is _mall both for vapor and solution

growth. This gives for Ice in air cm, mm % = l, .01 s; for a sodium sulfate

crystal, x = 7, .07 s.

It follows that the transient for a am crystal can be neglected in both

cases, although for a large crystal In solution, the steady state convection may

not be attained.

A further practical conclusion emerges froQ this analysis,.since the plume

velocity increases as (_o)_2 or as AO or (AT)I/2 or AT and the crystallization

velocity for free growth Increases approximately as AT2, (Hallett, 1964; Jackson

et al. 1965). There is evidently a critical supercooling beyond which self In-

duced convection will not have time to begin. The utility of studies In low g

will lie near or below this value of supercooling.

With Increase of Orashoff number, and before the transition to turbulence,

some oscillation of the convective phase may become evident; (as discussed for

example by Carruthers, 1976; Curtis and Dismukes, 1972; Hallett and Wedmm,

1978). This could lead to some oscillatory characteristic of the growth and

needs to be taken into consideration for these studies under appropriate con-

ditions; indeed it is this oscillation which Is used to Indicate velocity of a

non-steady plume.
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These convective effects may, In addition to enhancinv, mass/heat transport

process, also Rive rise to kinetic changes as manifest by transitions of the

kind

discs + plate ÷ dendrite and columns + needle

with Increase of supersaturation. [Keller, McRnight and Hallett, 1979]. This

transition ls expected to occur at a critical supersaturation and could be

highly sensitive to the presence of low convective velocities; it is linked clo-

sely to the detail of the way In which molecules are transported from the sur-

rounding fluid to the crystal and the thickness of the boundary layer. |Bennema,

1969; Gilmer and 8ennema, 1972; Ovtnko et al., 1974; g_rkova and Ntkolaeva,

1983; Gltcksman et al., 1986].

5. TRE SYSTEMS.

The porpose of this study is to investigate the effect of Imposed and 8elf-

Induced convection on crystal grovth. These systems _re chosen for study

partly fro_ physical considerations (liquids, vapor, transparency to visible

light, visibility of convective phase), partly for convenience (no htgh/lov tew-

peratures) and p_rtly for ease tn demonstrating the Importance of utilizing a

low gravity environment In studying fundamental aspects ot crystal _rrowth.

a. Ice crystal growth frol the vapor In the presence of a carrier gas.

This situation tras Investigated using s static thermal diffusion chamber to

produce a known temperature and supersaturation and the RC135 to give changes In

gravity. Typically, gravity varied frou > 1o8 to + 0.05 g w_th low g being

maintained for ~ 20 s. Temperatures frou 0*C to -25"C _re available with satu-

ration ratios up to about 1.5. Carrier ges could be changed at viii from alr to

heltmo at a known pressure. The results could be compared with snov crystal

grovth In the atmosphere under 1.0 g and In the laboratory both under static and

ventilated conditions. The differential optical path was much too short to

visualize the m_tion Ln these experiments.



b. Sodium sulfate decahydrate crystals In solution.

Sodium sulfate solution can be readily supercooled In large volumes up to

lOf_ ml. As crystals grow_ low concentration solution Is produced uear the

dendrite which leads to upward convection and can readily be vlet_ed optically

beyond a critical concentration. Results can be compared with laboratory results

In low g and with forced ventilation resulting frog goring the growing crystal

at kno_,m speed through a supersaturated solution.

c. Ice crystals In sodium chloride solution.

Sodium chloride solution can be readily supercooled (as can pure _mter) In

values ~ I0 el. AS ice grows solu_.e Is rejected at the Interfaces the denser

solution convecttng downwards. Beyond a critical concentrations the plume Is

readily visible in an optical system.

6. CONDITIONS .FOR CONVECTION.

It Is evident, for values of Raleigh Number less than unitys (Table I p

P. 9-5), even In the case of boundaries oriented vertically In a gravitational

field, any motions - and their Influence on the crystallization process - rill

be mall. With high values of supersaturation, larger values of Raleigh number

may be present, and the effect of self-Induced convection may become apparent.

We examine a number of specific situations; bearing In mLtnd that bouyancy

results from both temperature and concentration gradients.

a. Ice crystal growth frol vapor.

The excess temperature resulting frol latent best released will altrays give

rlse tc an upeard b_oyancy around the crystal; in sdditlou, there wlll be a dif-

ference In water vapor density bergen crystal and environment which can be ex-

pressed as a virtual temperature, the temperature which Is required to give the

sa_e density If only pure air Is present. The cases of Ice growth In aLr and

3]



helium are different since the molecular weight Air: Water vapor: Helium are

29: 18: 4. Hence for growth in air, there Is a tendency to lessen the buoyancy

caused by temperature Increase near the crystal; the converse Is true for growth

in helium. An upper limit of the temperature excess may be estimated frol the

equations given earlier:

Lv dm
Ts - T® - 4_Kr dt

LvD

= --- (0s - P_) .... 16K

13 Is inversely proportional to pressure, and !_ varies negligibly with pressure;

both vary sZowly with temperature. Hence the temperature excess varies Inver-

sely as the pressure of the carrier gas, and for a given b'ater vapor supersatu-

ration, depends on D/K for the carrier gas. This shows that the temperature

difference for air [s approxiaately twice that for helium (Table 2), and Is

inversely proportional to pressure. The values of te_aperature difference coB-

_uted for an excess vapor density mapersaturation of 10g (saturation ratio of

1.1, _ give excess temperatures of + 0.86°C (air) and + 0.49 (Helium). Saturated

air at - 5"C has a virtual temperature Increment of + 0.4°C compared with dry

air; (density of the vapor is 3.24 g_-3). For a saturation ratio of 1.1 this

_lves a difference of 0.04"C. In helims on the other hand, the increment is of

opposite sign and larger by the ratio of the Bolecular weights (29/4), which

_zive a difference of - O.29eC. The net effect Is + 0.g2°C a/r, + 0.20QC Helium.

From these considerations, It would appear that air would be Bore likely to give

a buoyancy effect than helium. The associated Crsshoff numbers are In a 2 g

environment for a am crystal, 0.4 and 2 x 10 -3 and for a cm crystal 20f_ and 1

respectively. This Is to be compared with acceIeratlon noise values 1/100 of

this caused by atmospheric turbulence in the 1_C135 environment (see Fig. 12).
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As we have seen earlier, in the case of ice growth, the crystal habit may be

extreme - as dendrites or needles - and the mass Increase and heat release may

take place almost entirely on the crystal extremities. Under these conditions

there are significant differences of temperature between different parts of a

large (rm) crystal with the growing tips warmer than else_d_ere. It Is not easy

to analyze thls situation theoretically. The growth of any point on the crystal

depends crucially on a balance between local nucleation at a protruding corner

whlch may be molecularly roughs ands further back from the tips where growth Is

by steps growing hack to s region of lower local supersaturation (Hallett,

1987). The excess temperature at the tip may be several times that for an equiv-

alent spherical particles depending on the detailed geometry of the growing

crystal, the maximum being expected for a long cylindrical crystal or a narrow

dendrite tip. Observations by Gonda and ffomabayssI (1970) show that the linear

growth rate of crystals in helhum exceeds that of _Ltr under identical condi-

t Ions.

In the case of Ices the effect will be greatest at high supersaturation and

more extreme habit. These considerations apply near -4°C where the habit Is In

the form of long columns and needles - the case examined above, and, near -2°C

and -15°Cs where the habit is in the form of dendrites.

The latter temperature could not be obtained with the system although some

laboratory measurements were made near -2"C. The decision to use helltm at 1/2

atmosphere _s made on the basis of the results of Gonda _md our 1 g laboratory

studies that growth rates were observed to be tLtghest under these conditions.

Haximu_ practical supersaturation was ~50Z, to give linear growth rate _6 us s-l;

in Ins this gives a distance of 60 us. Estimate of length with the available

optics was _ 3 _s which made this particular experitent feasible. Interpre-

tation of self-Induced growth enhancement in low g in terms of Grasboff numbers

given above only makes sense using a larger dimensions and In any case _uld

3_
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point to a bigger effect In air than helium. Absolute growth rates in air great

enough to measure under KC135 condltLons w_re not available In this system (if

greater supersaturatlons were used (> 50Z) the growth of crystale from the base

plate and the walls was excessive).

b. Crystal growth from solution.

A similar analysis may be carried out for Ice growth in supercooled HaC1

solution and sodium sulfate decshydrate froa solution, using the fusion latent

heat and dLffuslon coefficient of the Ions In water. Since all molecular dif-

fusLon processes Ln water are slow the slope of the line Ls nearly vercLcal,

giving a temperature excess ~ 10-2°C, so that Its effect on buoyancy can be

neglected. The buoyancy [n both cases is therefore gLven approximately by the

difference between environment and equilibrium density resulting only from con-

centration at the supercooling temperature. As pointed out earlier, this

neglects kinetic effects at the solid-liquid Interface which will reduce the

buoyancy somewhat. In these cases, Crashoff number with supercooling of 2°C

Grashoff numbers are -10 -2 for a m crystal and ~I0 for a cm crystal. The same

conditions apply from crystal shape and dendrite tlp radii as for gro_rth from

the vapor (Table 3).

Since quite distinct convection Is observed In the case of Na2SO 4 * lOH20 ,

the conclusion is reached that a Crashoff number of 10 computed in this way Is

In excess of that required for self-lnduced convection. Table I gives a com-

parison of the tLme constant for Initiation of convection for different systems.

The time for a crystal tip dimension of Im or less is negligible for systems

examined here. However, for larger crystals, -cm, the times are slgntfLcanc

which is consistent with delays In the plume detachment tc be described later

(Fi_s. lq, 39).

,,d
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7. ICE CRYSTAL GRO_PTH FROM THE VAPOR.

a. ('_neral Considerations: When snow crystals grow In the atmospheres the

observed external form of the crystals Is generally hexagonalp the habit (ratio

of a/c axis) and the degree of completion of faces (dendritic or needle crystals

compared wlth plates or columns) depends critically on temperature_ supersatu-

ration and fall velocity (Rallett, 1987). b'htlst at low supersaturation the

habit of Ice crystals may be determined by the presence of emerging dislocations

In preferred directions, under most atmospheric conditions, where the saturation

Is close to water saturation, growth Is determined by surface nucleation and

layer spreading and the habit by differential effects on planes perpendicular to

a and c axes. Laboratory experiments (Reller and Rallett, 1982; Alena and

Rallett, 1987) have shown that transition _rom plate to dendrite, and column to

needle can be Initiated by Increase of ambient air velocity as tmll as Increase

In supersaturation. This occurs In practice as the fall velocity of a crystal

exceeds a critical value, or, In the case of a frost crystal, as the surface

wind speed exceeds a similar value. These experiments were undertaken to In-

vestigate whether changes could be achieved by completely restoring any venti-

lation by growing a crystal under low g. Ice crystal growth under static

laboratory conditions may give rise to ventilation either by local convection

from the growing crystal Itself, or by convection on a larger scale In the

chamber In which the crystal Is growing. This effect If It ts present at all

can be readily Investigated under low g available In the KC135. Rere, It ts

necessary to utilize the 20 s period of low g available. In order to optimize

the conditions under which such a study can be carried out, the maximum linear

_rowth rate of a crystal must be realized. Under ordinary atmospheric con-

ditions this is ~ I-2 um s -1 (Ryan, et al., 1976). The growth rate of an Ice

crystal limited by diffusion and heat condition Is given by

37
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dm dr
dt dt . . 17

R 1" L_ LsN v- l

esat(T.)  ÷ I T

vbere C Is the e/ectrostattc capacitance of the crystal ( o radius for a sphere)

and other symbols have their usual meanings. (See Pruppmcher and E1ett. p. &iS).

The growth rate can be Increased vlth supersaturation a. and by Increase of D

and K. In alr at I atmosphere and - 10"C the L_o terms In the denominator are

a l_os t equal.

Thls analysls Is applicable to a crystal vlth unlfozw surface condltlons; In

practice this Is far from the case as different facets of the crystal are sub-

Ject to different local supersaturation, since different facets show different

kinetics. The result is that a crystal grays In a dendritic or needle (non-

f_ceted) shape vhere the local supersaturation Is greatest and vhere faceted sad

layer growth _Ilve way to continuous grovth on a molecularly rough surface. A

thinner crystal (for heat and moisture transport reasons) grays faster.

Laboratory results have shots that Increases of D tends to glve more faceted

crystals (constant R) whereas Increase of K (constant D) Rives more dendritic

crystals (C,onda and lomabayaal, 1971). K can be increased by use of hydrol_en/

helium ax a carrier gas; D can be Increased by using a gas at low pressure.

Evidently a cotpromlse in choice of carrier gas (Table 2, p. 33) ts required to

glve maximum lrrowth rate. Rellom m chosen for safety reasons; the maxlatm

growth rate vas found emplrlcally.

b. Chamber desll_n amd construction.

The static diffusion chamber Is formed by two flat stalnless steel plates

2R cm In diameter, spaced 3 cm apartD as shown In FIX . 7. A stainless steel
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Fig. 7 Cross section of static diffusion chamber for Ice crystal growth In

air or helium st controlled pressure.
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wtcklng material ls diffuslonally bonded to the top surface to act as a water

source. This wick is 0.1 cm thick, with a capacity of at least 0.07 gm/cm 2 of

water. For operation at low vapor pressure, the wick is filled with water at

room temperature and then allowed to freeze. The chamber stde_rall Is constructed

of a thick ring of plexlglass. Nachined into the sldewall are two access ports,

three gas ports, and t_ window openings. Windo_es are double pane to mlnimize

heat transfer to the environment. Dry alr is circulated between the windows to

prevent any water vapor condensation that would Impede viewing. The chamber can

be flushed, evacuated and fllled with other gases, or aerosol as shown In

Fig. 8. It Is protected from over-pressure by a pressure relief valve. A glass

fiber (I/2 m di_seter) wlth micrometer control of vertical position and rota-

tion is inserted in the top center of the chamber to serve as a nucleation site

for ice crystals. It ks necessary to nucleate ice crystals for growth above

- IO°C by a (_2/LN2 cooled probe, otherwise supercooled drops grow on the fiber.

Crystals are viewed through a camera window 2 x 7 cn of optical crown glass,

treated with s non-reflective coating, k similar window wlth dl_ensions as

2 x 11 cl is provided at 180 ° orientation for using a rickets high Intensity

tungsten/iodine microscope lamp with a water filter is provided to reduce tufts-

red heatlng from this tungsten lamp. The stereo microscope allows silultaneous

photography with s 16-- movie camera or s television camera and VCR, and a

35 u camera equipped with 250 frame cassettes with motorized drive.

The thermal plates are independently controllable through s temperature

range from ambient to - 300C. Each 2.5 cm thick st4inless steel plate has a

n.5 cw thick copper disc brazed to the surface opposite the Inside surface. The

copper Ls Intended as a thermal buffer to achieve uniform temperatures In the

thermal plsteo An insulation package equivalent to at least 5.0 cm of _Ltr

surrounds the chamber to reduce the effects of heat transfer from the environ-
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merit. Temperature control is provided by a microprocessor utilizing sampled

data servo techniques, utilizing a servo feedback parameter and is provided by

a thermistor temperature sensor embedded In the stainless steel plate. The

microprocessor incorporates a 12 bit data acquisition system. The plate tem-

peratures are driven by thermo-electric modules which are mounted directly to

the copper buffer. A heat exchanger Is mounted to the other side of the ther-

moelectric modules to dissipate waste heat into a ureter/ice slurry. Accelera-

tion Is measured by two accelerometers attached to the chamber which gives

vertical and lateral components (sensitivity + .01 g); chamber pressure by a

plezo electric system through a communicating port.

c. Control System.

Software development for this Z-80 based computer _s accomplished using an

_080 assembler program. The procedure for programming the microprocessor con-

sisted of uritlng the assembly program and doeuloading the generated machine

code directly into a buffered PROH programmer, llV erasable PROMS (INTEL 2716's)

were used In our system.

The control system is designed to operate In _ _rklng modes. In the

$TA_'ILIZF. mode, servos are updated every 125 Is vhlle temperatures are printed

at programmable Intervals on a thermal printer. During this mode, the operator

may display the output information of any analog channel on the LED display by

entering the desired channel mmber via the keyboard.

In the _ mode servos are updated every 125 ms, vhile accelerometer data is

plotted at 125 ms intervals on the thermal printer, Again, information frol &ny

analog channe] can be displayed one channel at a time, on the front panel LED

display. _'hen this _de is'exited, elapsed time, temperature highs and lows,

and acceleration highs and lovs are recorded by the thermal printer.
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A dlgttal servo was written for this software using sampled data methods.

Calibrated temperature feedback information is provided by thermisto_ tem-

perature sensors, Temperatures are calibrated and dlsplayed tn decimal form.

This Is accomplished by providing a calibration table in memory for each ther-

mistor. The software provides table selection, Interpolation, and conversion

routines to generate the display of a calibrated decimal number representing

temper at ure.

Because the accelerometer output is essentially linear, the accelerometer

signal conditioning circuitry was designed such that a simple offset subtraction

could be used on the digitized analog signal. After presenting the number in

decimal form, an accelerometer output representing gravity In real units was

realized.

d. Control Rardware.

A STD Bus single card processor (PRO-Lt)G #7803) was selected as the primary

control element of this project. Loe cost, slall physical envelope, and suita-

bility for use In a small dedicated system Is inherent eith thls bus structure.

The single board Z-80 based computer Is driven at a clock rate of 2.5 H HZ,

and had space for RI_ bytes of ROI_ and 4K bytes of RAN. Our control program uti-

lizes the PRO-LOG monitor, which occupies the first 2K of ROH, and is used for

some of the keyboard utUtty routines that are available in this package. The

next 4g bytes of ROM are reserved Eor the control software, _4111e the remaining

2K bytes of ROH are used for storage of thermistor callbratton tables. Less

than IK bytes of RAH are used in our system. Dlgltal I/O Is mccempllsbed using

a Pro-Log card (#8113) fitted with eight R-bit Input/output ports. Output ports

are latched and are capable of readback. Selection of I/O function for each

port Is done on the card (it is not progr_able).
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eo Analog Cards o

One 16 channel, 12 bit AID card (Data Translatlon #DT-2722) Is incorporated

to handle conditioned Input analog signauls from six thermistors, one thermo-

couple and one acceleroleter. Two of the thermistors are used as servo feedback

signals as _mll as temperature monitoring signals; the remaining four ther-

mistors are available as spares. One four channel 12 bit D/A card (Data Tran-

sition #DT-2726) is used to provide control signals to the power amplifiers used

co drive the TEN heat exchangers. Two of these servo circuits exist and two

spare D/A channels are available.

A real time clock card (ENLODE #2OO-1) Is utilized in our package to provide

real time in hours, minutes, and seconds. Month, day D and year are also avail-

able. The card Is equipped with s battery backup, so that the calendar is not

lost during power off periods. A hardware timeout function available on the

card Is used to provide a processor interrupt every 125 am for clocking the

samplinv, rate of the servo. An I/O card Is dedicated to a display and keyboard

located on the front panel. A second utility card is also used for a display,

alon_ with I/O control of peripheral equipment.

Located separately from the microprocessor bus is the power circuitry Incor-

porated to drive the thermoelectric modules used In the thermal heat exchangers.

This circuit consists of two bidirectional power amplifiers; control signals are

provided by the microprocessor. Kmxlm_m pour output ts about 15 ANPS at 20

volts for two circuits (combined).

f. Results - lee crystal growth from the vapor.

The ch=mber mounted on a palette with computer ready for !_C135 installation

is shown in FIR. e. Typical acceleration profiles are shown in Fig. 10. This

shows that the llsit of low gravity studies are essentially set by the turbu-

lence of the atmosphere In whlch the aircraft flew, These fllghts _re under-
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taken over the Gulf of Mexico, the aircraft height varying between 20pO00 and

30,000 ft. Fig. [O sho_s an uncertainty of lateral acceleration + 0.05 _ and In

vertical acceleration of + 0.05 _ at the parabola tip, but higher uncertainties

} + 0.1 R during the high period pullout.

In air maximum linear Krowth rates of Ice crystals occur at temperatures

where the habit Is most extreme. This Is at ~-1.5*C m_d -15"C for growth as

dendrites In the a-axis direction and at - 5"C In the c-axis direction (Hallett,

1987). The _rco_rth rate Increases with supersaturation. The chamber sins oper-

ated with central cewperature between -2* Co -6"C with temperature of the

plates - lfl to ÷ 8"C; this _Ives a center tesmperature of - 5"C. This gives long

needles growing radially outward from the support (Fig. |l)° Empirically, It

was found that the growth rate of needles under Identical conditions of super-

saturation In 1 g sins a maxhmmm for helium pressure of approximately 500 rob.

(Fig. 12). This was approximately twice as fast as crystals In air under the

same conditions (supersaturatlou &O - SOZ over ICe)o

Experiments under these conditions _re carried out In KC135 low gravity.

FI_° I_ showing accelermseter records typical of such a trajectory, wlth a low g

period of about 16 s. Ac_ospherlc turbulence gives rlse to deviations both In

vertlcal and lateral g components, leading to an uncertainty + O.O5 g under

low g conditions. Sclewhat larger uncertalntlea are present under high g, I.R +

0.I _. Measurewents of the linear growth of an Ice crystal needle during

several such trajectories taken Continuously are shown In Fig. 13, showing a

variation of growth rate between 5.q um s -1 (high g) to 2.1 _ s -| (low g) with

a mean _rowth rate of 3.4 0m s -I . Errors arise from measurement of the location

of _endrlte and are estimated ÷ 0.5 elm s -1.
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Growth of crystals at very low supersaturation and over much longer perlods

of time (several hours) shows that at this temperature the habit of the crystal

is dependent on supersaturation (Fig. 14). As supersaturation is changed,

columns transform to plates and back to columns over the range I_ to 3X ice

supersaturation. Slnce crystal growth rate ts strongly dependent on supersatu-

ration, these effects are dlfftcult to observe In the atmosphere where growth

takes place under venttlatlon wlth a fall velocity _ 30 am s -I _nd often close

to water saturat£on; the crystals which are tn fact found are those _Ich grow

_ost quickly and under the most favorable conditions. The role of local convec-

tion either around the crystal or on the scale of the chmaber itself Is not

clear. It is of interest that recent laboratory studies using the dynamic dlf-

fusion chamber (Fig. 2b) have shown that faceted crystals can be caused to

sprout at the corners with Increased velocity as little as 2 cm s-l. The growth

rate and the shape changes are far too slow however to be studied in the 20 s of

the KC135 parabola.

R. CRYSTAL GROWTH FROM SOLUTION.

a. Ground based experiments.

It was found experimentally that convection from growing dendrite tips could

be readily observed in the Schlleren systms only under quite specific circum-

stances. No convection could be seen for weak solutions, pure water or pure

D20. This can be interpreted either as Insufficient optical path difference, or

as the density difference being too small to Initiate convection. It Is to be

noted that water has a rather flat maxlmtm In refractive Index quite close to

the melting point (Fig. 15) Implying that It would be difficult to visualize Ice

convective plumes since ,_n =- _T, 2* is only ~ IO-5. |Luten, 1934; Tllton and

Tugler0 1938; V_lrshenbaum, 1959; _ehu et al., 1966; Elsenberg and Kauzaann,

1969]. Conversely, under conditions of high supercooling and correspondingly
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(a)

(b)

I_ i II
l

Fig. 14a, b Habit dependence of ice gro4th from the vapor in air on super-

saturation at - 5°6. Initial growth: 123 over ice giving a
columm; later growth : II over ice giving a plate (a); ftnil

growth at 5% over ice to give • hollow columm (b).
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high crystal growth the convection did not have time to begin before the

crystals _rew (Table 1).

I. Sodium Sulfate decahydrate from solution.

Sodium sulfate crystallizes as two forlas, heptahydrate mad decahydrate, each

with quite distinct properties (Fig. 16). The decahydrate is more stable and is

used In this study. In order to ensure nucleation of decahydrate, a crystal

frol a crystal solution mix heated to Just below the equilibrium point (+ 32"C)

Is used as a seed crystal. This ensures that no heptahydrate which decomposes

at + 28"C is present. The crystal is Inserted into the center of the liquid by

pushing it oo the end of a flexlble coil through the plastlc tube until It Just

enN_rges frol the tip (Fig. lb). Runs vere selectL_d for analysis with an iso-

lated crystal growing in the plane of viewing s either horizontally or at sn

angle as required. Convection occurs from the dendrite tip, and is readily

vlsible for solutlons N > 1.0. Since sodium sulfate is removed preferentially

from solution, buoyant fluid re,,ains_ which convects upwards (Fig. 17). The

gro_rth velocity of the dendrite tipp and that of the convectLng plume (the

starting plume tip or Irregularities on the rising plume) is measured dlrectly

frog the VCR or movie image. This fLgure shows a plume _mergiug from the

nucleating tube (a) rising straight up, whereas that fro.. the growing dendrite

tip Is bent as It rises from the growing crystal tip (b). This Indicates that

the plume is accelerating away from the crlstal tip. There is a finite period

and distance prior to the pltme detachlng from the tip (Fig. 18)p uhleh In-

creases with concentration and supercooling (Fig. 19a). As the supercooling Ln-

creases to > ~ 8" C, there costs a distance when the plume fails to detach at

all and cannot be observed during the course of the experiment because crystals

grow radially out from the nucleating tube and fill the whole volume before eon-

vection begins. Crystals growing upwards with the plume grow significantly
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Fig. 16 Phase diagraa for sodium sulfate - R20 solution. Point A
represents conditions of s supersaturated solution, 2.2 N;

supercooled by 5.9"C. On nucleatlon, crystals grow wlCh a
driving force equlvalent to the Intersection of the horizon-

tal line vlth the equilibrium, _- 0.8 N
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a) b)

c)

4 $

d I
em

Fig. 17 Sodium Sulfate Decah_lrate Crystals Groving into Supersaturated
Solution from a nucleation teflon tube below the surface.

_hroe crystals are visible; a ttny one at 3 o'clock, the
longest one (whose growth rate was measured) at 4 o'clock, and
one gro_-Ing downward at 5 o'clock. The two vertical lines
(a, b) at _he left are the plumes of depleted solutlon.

Growing crystals appear dark, because the plcture is printed
from Plus-X Reversal 16 I mov|e f|li. 3.0 M, AT • 4.3" C.



a)

b)

c)

d)

3.0 H, AT- 4.3 ° C,
d - O.16 ca, R- 0.02 cm s "1.

3.0 N, AT" 7.7 ° C,
d " 1.7 ca, R " 0.2 rJ S"1.

2.5 H, AT- 7.Z ° C,
d " 0.6 ca, R • 0.1 cn S-1.

2.5 M, AT " 8.9 ° C,
d - 1.8 ca, R " 0.2 cm s-l. b)

|all

57

o)
/

d

d)

|¢m

Fig. 18: Comparison of Characteristic Length, d, with 5upercoo|Jng and
Concentration sodium sulfate decah_lrate.
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Fig. 19a Relation of characteristic length and supercooling for plume
detaclment for 8 crystal of sodium sulfate decahydrate grovtng
hortzontalIy.
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s]ower whereas those growing downwards grow faster. Downward growth differs

from horizontal growth by x 1.5 (3 M, 4.3" supercooling). The sequence in a

Nach Zender IncerferoBeter shows a plume rising frol a _rowfng tip, the Inter-

ference pattern around the tip indicating that the initial plume is quite narrow

- 0.2 sm (Fig. 19b).

Further insight into the plume-crystal Interaction can be obtained by moving

the growing crystal through the solution. The plume bends back from the moving

crystal, but Is nov a/most s straight line, the accelerating region being

shorter (Fig. 20, 21). These photographs clearly show rising plumes frol each

crystal tip, with additional plumes rising iron stdevays growing crystals behind

the leading crystal. The precise geometry is difficult to determine from s

single photograph. The starting plume vortex can be clearly seen in Figs. 2Ore,

b_ c.

It. Crystallization of Ice from NaC1 solution.

Similar experiments _re carried mat vlth Ice in supercooled NaC1 solution.

No effect of convection could be seen H _ 0.2, nor in pure tater or pure D20.

Experlments were carried out for 0.2, 0.5, 1.0 H mad also sea tater vhlch sho_md

downward convection as NaCI Is rejected preferentlally at the growing Ice-

solution Interface from horlzontal growing dendrite tlps (Fig. 22)° The starting

plule vortices can be clearly seen (a-c). Notice that the plume osclllmtes

downstre*_ from the moving crystal (f-h)o The couvectlon plume Is not so clear

as In sodium sulfate solution, however the g_neral characteristics are similar.

Under stationary conditions, there is a greater detachment distance, and as the

crystal Is moved, the plume Is bent beck from the -ovIng crystal, and remains

attached.

LII. Role of ventilation on growth.

In both cases, sodium chloride and sodium sulfate, the plume veloclty cece

detached frol the crystal Is independent of trysts/ transport v_locity, as uould
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r. i.

L tl

| um !

Fi g. lc)b Math Zender |nterferogram of 2 M. Na2SO4 - 10 X20 crystals
growing in solution, I g. at supercooling 2.4"C.

This shows a low denStt_ pl_e rising some 3 am behind the growtng
tip, indicating II higher concentration on both sides (a, b). An
instability (soliton) moves down the cr_ta--'T'-(e) to be released
towards the tip (f).
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L t=| 62k. t=5s t" 15s

VT * 1.1S am s"1at t- 17 s

0. t=4_S f. t=i7s

t=l_s IL t = 114s

VTOIMt=ns

|l

Fig. 21

ORIGINAL i_Ac._Z !S

OF POOR QUALITY

Plume from a moving crystal in 2.5 N Na2SO 4 solution.
Supercooling AT = 4.8 ° C. Crystal moved left to right
at 0.15 cm s-I between t = 17 s and t = 78 s.

a, b, c show the starting plume.
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Fig. 22 Successive stages of plwRe behavior of ice cr),staIs growing

in 1.0 M NaC1 solution. Supercoolin_l AT - 0.5 ° C. Crystal
moved left to right at O.IS cm s-L between t = 34 s and

t = 59s.



be expected. The crystal growth rate Increases with transport velocity, and

also with supercooling. Crystal tip dimensions are apparently smaller wlth

Increased supercooling and transport rate, but could not be accurately measured

in the experiments because of the long working distance. Fig. 23 shows crystal

_rowth velocity and convective velocity for decahydrate crystals at different

molaritles for a given supercooling, under stationary conditions. Both growth

rates and convective velocities increase with supercooling and become equal at a

critical value of supercooling, between 6 and 7" C. Moving the crystal increases

growth rate, but at higher supercooling has less effect. Fig. 24 shows the

effect of moving crystal at 0.15 am s -1 through a 2.5 H solution, giving an

Increase In growth velocity compared with the stationary case. The convective

velocity Increase Is not significant. Convective velocity, and crystal growth

velocity for Ice growth in various concentrations of sodltm chloride solution

and sea water (Figs. 25 to 28). Here also convective velocity and growth velo-

city Increase with supercooling and become equal at supercooling between I and

2"C. It Is convenient to use a log-log plot to display the effects Fig. 29

shows growth and convective velocity for 1, and 2 M sodium sulfate solution for

a transport velocity of 0.26 clms -l, Fig. 30 for 2.5 H solution with 0.15 cm s -1

transport velocity, Fig. 31 shows comparable results for sodium chloride. The

effect of transport velocity on growth Is shown in Fig. 32 for a supercooling of

- 5.5* C for sodium sulfate solutions, Fig. 33 for supercooling of 1, 2" for

sodium chloride solutions. There Is no significant effect of transport on con-

vectlve velocity in either case. Crystal growth velocities have been extrapo-

lated back to - O.l'C cz s -1. This demonstrates a possible effect of a given

convective velocity on growth, which _uld be slower if the crystal grew In

low g.

It Is evident from these results that there exist a region of supercooling

where low gravity and the absence of convection could lead to different growth
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rates. ]For both substances growth rates and convection rates become equal at a

critical supercooling; for both substances there exists a temperature where the

difference between convection rate and growth rate is a maximum. This decreases

with ventilation and eventually disappears for U ~ 0.04 am a -I (decahydrate) and

U ~ 0.08 cm s -1 (Ice In NmC1). For both substances relationships of Wig. 32, 33

can be treed to predict growth rates In low g (arrotPed) In the absence of kinetic

effects.

b. Low gravity experiments: design criteria.

The results discussed above delineate optimum situations for finding an

effect of low g on growth. It Is Immediately evident from Fig. 24, 28 that

increasing transport velocity increases crystal grotrth rate; specifically an

increase from zero (It., natural convective velocity) to 0.12 cm a-1 increases

the linear growth velocity by between a factor of 1.5 and 2. Similarly, it

appears evident that at higher transport _locItiea that the growing tip is _11

ahead of the naturally convecting p:ume (Fig. 19, 22) so that no effect would be

expected.

An effect would however be expected for stationary crystals where convective

velocities are less than the crystal growth velocity, and greater than a velo-

city which, within the experimental error of (Flgo 32), would give a measurable

Increase because of the self-induced m_tion - say, 0.02ca s "1. Flence, if such

experiments were carried out .under low g, it would be expected to see a decrease

in gro_h velocity below that shown in Fig° 32 to a value equivalent to m trans-

port velocity of between -0.O5 and -0.1 cm s-1.

The low g studies were designed to Investigate the crystallization velocity

of solution, both Ice In Nat1 and decahydrate from solution with supercooling

about 1/2 - 1" C and 3 - 4" C respectively° These supercoolings give growth rates

bet_en 100 and 200 _m s -1 In both cases, which would be expected to be reduced

by about a factor of 0.5 under low g If the extrapolatlona of Fig. 24 are valid.
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One further consideration of the low g experiment is the rapidity with _dhich

such rmtural convection will die out. This has already been discussed (Table 1,

2
0.1

p. 25) for a crystal of tip dimension O. lcm, • 0.0_---]" = 1 s for pure _ter and

~ 0.1 s for sodium sulfate solution with v ~ 0.1 (Fig. A3). Thus the decelera-

tion of the convection on entering low g and its acceleration on reaching high g

should be readily observable. The next section shows that this is indeed the

case.

c. CrystallLzation under varying gravity.

l. Sodium sulfate decahydrate.

Fig. 34 shows the lnterferograms frmm a sequence from 10 -3 g to _ 1.2 g. For

crystallization of decahydrate at 21°8eC, equivalent to a supercooling of 5.0*C.

A buoyant plume was emitted from the capillary tip Just prior to entry /nto

low g; this remained almost unchanged ms crystals grew (a - g). A crystal moved,

possibly by surface tension effects, into the field of vlew polnting downwards

halfway through the parabola. Mlth pullout, this convective plume accelerated

(h- z) and, at the same time, two convective plumes (2, 3, fig _k) detached

from the horizontally growing crystal and accelerated upwards (J - m: these

event ually merge). Hearn_lle, a crystal (C, fig 3_h) began growing

vertically downwards, as g increased presumably responding to a vertical

plume rising past its tlp- thls plane is not however seen In the [nterferometer

as it appears too narrow In vertical flow. The dlffusioQ distance of solute

during the course of the experiment is - I D x t . Mith D - 10 -5 oa 2 s -I this

gives a distance of I00 J in I0 s which is barely resolved by the Wach Zender

optics. It is noted that there exists sharp gradients across the rising plume

which persist for > I0 s (m-g). Compare crystals D, E (fig 3_t). Neasurements

of the crystal grovth velocity are shown In Fig. 35. The horizontally oriented

crystals (A, B, Fig. 34h) change little in growth rate during the change of gra-

vlty. The reason for this Is apparent from the position of the convective plume;
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Fig. 34
(a-x)

Crystal growth and convection in 2.3 N sodium sulfate solution.
Nucleation was achieved by inserting a decahydrate crystal Into the

tube. InltLal equflLbrLum temperature 27.0"C; InLtlal supercooling

5.1°C giving An k - 0.06 (k = .6328 _) (from Fig. A4).

Photography of a growing crystal began In lov gravity (a), continued
for ~ 17 s at g ~ 0.05 + °02 (with variabLlity due to atmospheric tur-

m

bulence) and then continued as g increases to ) 1.2 g. Growth rates
are given for crystal A, B, C, h in Figo 35°

A pltme of low density had emerged from the capillary (k, 1) snd Is

essentially stationary during low g, but accelersted upward as g

increased. T_o other phmes rise frol the horizontal crystals as gra-
vity Increases k 2, 3. The main set of fringes are from _nochromatic
light (0.6328 _) with fringe spacing and detail in uniform density

resulting from Inhomogenities in the container and the angular offset
of the mirrors. The close fringes shown at the bottom of the cell

results from the curvature of the glass. Narrow diffraction fringes
occur around all regions of sharp discontinuity, and are Ignored in
thls analysis.

Sequence 1: a - p shows crystal growth and plume development going frol
low to high g.

Sequence 2: q - x shows plume develoiment in high g, decreasing on entry
Into low g.

The boundary layer around the downvard oriented crystal D(t) remains

unchanged from high g to low g, but Increases as g Increases (v, x).

The boundary layer around the slant cry_al E(t) decreases In thickness
as the tip convection decreases and ft_y ceases In low g.

Crystals still move around under low g presumably because of capillary
effects.
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it detaches from the leading tLp of the crystals. By contrast, the vertically

oriented crystal (C, FL_. __4h) accelerates lu growth rate as g increases from

0.01 to 0.2 to 0.4, to a value of 0.186 + .005 cm s -1 at 1.0 g. The width

growth rate of the crystal does apparently change as the convective plume rises

back from the tip (Fig.35). The tip of the convection accelerates ms it rises

with the vertically moving plume accelerating more quickly than the elongated

plumes from the horLzontal crystals, _lthough the maximum velocities recorded

(0.2 cm s-l) are comparable. Similarly, a tmoyant vortex ring generated by

growth from a fallen crystal persLsts as It rises, (Fig; 36, 37a). The isolated

vortex ring rLses somewhat slower than the tip of a starting plume frum a newly

Initiated source (Fig. _7b, c). It is clear from the figures that there is a

stilling time of a few seconds as gravity changes, and that o_ce low g Is

attained, diffusion over the period of observation Ls slow. The wakes visible In

Fig. 36 show persistence over tens of seconds, which Ls consistent vtth the low

diffusion rates of solute. Under controlled conditions, this _uld provide an

ideal _ay of measuring diffusion coefficients completely uminfluenced by motion.

This technique _uld silLlarly provide opportunity for verifying theoretical

concepts of plume and vortex ring motion, since inert lml effects can be

separated completely from buoyancy effects umder low g. It Is emphasized that

Ln these photographs the line of sight dimension giving rise to the refractive

index difference Ls unknown, an that _ need to interpret the optical path dif-

ferences In terms of the geoletry of the syst_- - a vortex ring with atnLmum

density in a doughnut and a plume with minimum density in the center as a

sausage being an tneolplete, transient vortex ring at the rising tip.

The second parabola some 50 seconds later shows additional crystals growing

from the container _mll; In this case with quite distinct facets (Fig. 3_ g-k).

The temperature had risen 1" over this period, gLving a lo_r supersaturation.

Following the m_cond parabola several new convective pltmes appeared rising with

comparable v_locity.
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0 S

A bouyant plume which emerged from the nucleation tube in high g

remains almost stationary in low g (a - i), accelerates as g increases

(j - I). A vortex ring is created from a fallen crystal (out of the

field of view) rises as g increases {m - n). Initially a wake is evi-

dent, but is not apparent at a later stage {s,t). u-z shows a further

sequence with different internal structure. Supercooling 2. 5°C.
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Further Into the crystallization pro_ess a more _enersl fluid motion became

evident on the scale of the cel! Itself as can be seen from the d[splacelent of

fringes tovardl the edKe of the cell evsy from the individual crystals.

[[. Ice in supercooled _diu.m chloride.

visible convection does not umually occur from the tips of Ice dendrites

IrovinK either tmrizonta|ly or vertically; there Is apparently no direct effect

even In hlRh R. Th|s Is somevhat It variance with the plume sho_l In the

]el>oratory study in FIK. 22. Such s plume _ms obtained only Infrequently In the

|sboratory study, as opposed to the modI ,m sulfate plume which occurred In every

case and Ny be relsted to ooze _c[dent of the dendrite structure or motion.

,ovever, once the Initial dendrites have groom, there appears to be • secondary

Rrovth vh[ch Is ,sore effective in KivlnK rise to hl[_n _enslty salt solution

vhich sinks from the sportily ice/solution mixture, md Is clearly shown Ln the

[nterfero_rams (FIR. 3_). This be_[lns some IO • after the (nlti•l Krovth (In

low _[) and requires a somewhat lonKer period to be_In flov follovlng the tran-

sition from low to hlKh R- (Fig. 39). A comparable sequence Is shorn In

FIR. 6_. On one occsslon such a descending plume In high g gave rise to exten-

sive nucleation of mall ice crystals as it accelerated downward (FIg. 41). The

plume extended dovnward some 2 cm from the nuclestln_ site. Crystals sub-

seauentlv rose under their _ buoyancy •]though the Initial mass retalned Its

Identity. The lack of dlatortlon In the lnterferograa shows thst the dlffuslon

of solute from the crystal plume 15 negligible.

It follows that In _enersl there are tvo distinct convection relzimes as_o-

clated with dendrite _x'owth In solution. Type I, (as vith sodium sulfate dee•-

hydrate) convection takes place from the individual dendrite, and has the

canabll[tv of l_creas[n_ the tip growth veloc[t:v with [ncreasin_ orientation of

£rovth dlrection towards the R'ravlty direction.
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solution 6.0% 1.07M supercooling 1.3 ° C. The crystals nucleate along

the plume injected downward from the capillary tube after the initial
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Type I1 on the other h_nd as vlth Ice in sodLum chloride, fails to Initiate

convection until well after the dendrite growth front has passed, irrespectLve

of the orientation. Convection eventuslly begins fros the bulk of the dendrite

mass in defLnite drainage channels, leading to laminar descending plumes.

The tlme constant for convection [n the first case Is subjected to an in-

cresstn_ diffusion boundsry layer thickness which detaches as Its dlmenslon

becomes large enough (the criterion for convection, Ra is proportions! to d3);

In the second case the reason appears to be residual crystallization in the

crystal mesh rejecting further solute until the bouyancy Is sufficlently large

to produce convection. Thls crystallization persists over an extended period of

time for sodium sulfate, giving rLse to local motion In the crystal Interstices

and results In s slow crystallization consistent with the slow Increase of te_-

perature.

Sl_lfIcant questions remain concern£ng the rate of _ss crystallIzstlon of

an isolated given volume of solution, and the physics of the process of crystal-

lization, recrystalllzation and Ostesld ripening over times long compared wlth

the Initial _rowth of dendrites following nucleation.

Influence of ventUation on cr_stal growth velocity

It Is evident that increase of ventilation Increases crystal growth veloci-

ties both for solution and vapor phase growth. The functional dependence on

velocity reflects a complex series of physics1 processes. It Is necessary to

distinguish between these cases where the crystals retain a faceted periphery

with unchanRlng aspect ratio - this appears to be the case for NaNO 3 investi-

gated by girkova and Nlkolaeva (19R3) and for sodlu_ decahydrate, Chen et al.,

lo7g - from those cases where the crystal aspect ratio changes, and in turn from

those cases there comes sprout to give dendrites or needles. In the former case,

growth rate increases, initially linearly with velocity to a maximum value, for

ventilation between 5 and 15 cm s -I Increasing with supersaturation. This can

! o3



be Interpreted a• a reduction of the boundary layer thickness such that the

crystallttstlon process Is dominated entirely by kinetic effects and the sur-

face supersaturation approaches that of the environment. In the latter case,

for Ice fr,_ the vspor In alr the velocity dependence found by both Keller and

_allett (19/_2) and Alerts and Flallett (1987) aborts s velocity dependence which

Increases slovly at first and approaches V I/2 only at velocltles > I0 cam •-I where

heat/ma•s transfer dominate (see Mlk•ch, 1969; Cantor et a/, 1972). These

changes are assoclared vtth the tran•ttlon of a thick crystal to • thinner

crystal to needle or dendrtt_ sprouts, and share• comparable behavior, ooly vLth

different geometry for columl _, needl#• and plates ÷ dendrites.

The supersaturation dependence of growth rate ahotrs a sLs[larl7 coQpllcated

behavior, as the shape of the crystal changes. A satisfactory, theory Is dlf-

flcult to formulate, since the physical processes responsible for these tran-

sitions are evidently related to changing surface ktnetlc processes at different

pisces on the crystal In relation to flul-4 motion. A picture can be hypothe-

sized, that, as the local supersaturation Increaoes, a transition from defect

_,rowth to corner surface nucleation occurs - the absence of defects for _rovth

of Ice plates gives evidence for this. With supersaturation or ventilation

Increase, s_arface nucleation begins at corners where local supersaturation Is

_reatest; growth can still occur ms facets should layers propogate rapidly to

the facet center. There comes a critical supersaturation where layers fall to

complete and hopper crystals form; the extreme case Is the needle or dendrite

which completely lack facets at the tip.

The local supersaturation effectively Increases as ventilation velocity

Increases. The transition plates + column shown in Fig. 14 under lov super-

saturation shows a kinetic effect vhLch would be expected to be InflJenced by

low veIocitles _n I ¢ and require higher supersaturation In low g. The growth

rates are _ch too slow for this observation In the K¢ 135 environment, and

would require the longer periods available In the Shuttle or space station.
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This can be quant•tlveiy analyzed as follovs:

Enhancement of growth by ventilation results fret • thinning of the boundar 7

layer, the effect subsequently related to the ratio of the womenttm/thensal

boundary layer (Prandtl number) and the _ntt_/dlffuslon boundary ;ayer. In a

gas these are colpar•ble; in a water solution these rates are 13 and 1600 re-

spectively; hence the transport of heat and solute are controlled by the velo-

city profile. Fmplrically, this .-.Ires, for a sphere; (Pruppacher and K1ett,

1978) enhanced transport by the factor shown In Table t.

In low g, the veloctt tea of transport and convection In solution are

~ O.2cl s -1 and tip radii ~ 100 _a, eo that the transport dependence Is right

tn the transition regime between U and U !/2. For grovth from the vapor, for

fal,Ing crystals st 20-40 cm s -l, the reglle Is clearly U 1/2. In the diffusion

chamber, between 0 and 2 _ (Flg. 13) the linear crystal grovch rate approxima-

tely doubles. This hmplles a convection or an IJmposed velocity of ~ 2 ca s -1

(i11/2 dependence) (assuming a U 1/2 dependence • tip dlmen._ton of 100 ua and

v = 0.25 ca 2 s -I at Rf_) rob). In one g this uould be equivalent to I.A ca s -1

(transfer _ _1/2) and It remains a question as to whether such a velocity tmuld

effect a habit chan_e If persisting for a long period - for example, tx)uld

columns In one _ at ! .& am s -1 convecti,-e ventilation grow as plates in lay g at

zero vent flat Ion?

q. OVERALL CONCLUSIONS.

These experiments, although limited in scope by the short low gravity time

(_20 s) In a _C 135 parabola, lead to 3ome intriguing questions. There appears

to be a real effect In growth rate of Ice dendrites frcq the vapor, wlth

hI_her g forces _iving faster growth. There is a definite effect In convection

around sodium decahydrate dendrites In solution, but not around Ice dendrites in

NaC1 solution. There Is an effect In convection in Interstices of a crystal-

to5
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TABLE 4

sol u t ion

air

lass: I + 0.II S<:213 Re 0.78 + .31 Sc I13 Re 112

he.t: I + O. ll Pr 2/3 Re 0.78 + .31 Pr I13 k 112

.78 + 8.7 u l/2miss : I + 87 U

heat: I + 3.5 U .78 + 1.8 U I/2

mass: I + 0.05 g .78 + 0.2 U I/2

heat: I + 0.06 U .78 ÷ .24 U _2 (U as s -1)

1.4 > SC I13 Re 1/2 > 1.1,

Trsn$1tlon velocity crlterts for a sphere:

•.- I00_

for solute in _ter,

for water vapor In air,

-I
U < 0.05 cm s (mass)

-I
U < 0.24 cm s (heat)

-I
U ( 3.8 c_ s (uss)

-I
u ( ].8 cm S (heat)

-l
• 0_ Cm S

-I
• l Cm S

-1
1.0 cm •

-I
..5 cll ii

Enhancement of transport vspor In air and _lute In water with
ventilation for a sphere, as [nfluencee _v the transport, velocity.



ltzln_ amsh, related to pore size. Generally, some indication of convective

effects can be assessed from GN > I0. Under the conditions of these experi-

ments, Re < InS, plume equlllbrl,,., rise Is laminar, although starting plumes amy

be oscillatory.

The I_C-135 Is an ideal environment for semi-quantitative laboratory bench

type of experlBents where the tins frame is Ionic enough, since we can obtain

lledlste comparison of the effect of lay (.¢35) g and high (2) g oa growth and

convection. These experiments are however lIlited by short time, and the turbu-

lence level of the aircraft under typical clear air conditions (+ O.t35 g).

Many questions remain on the nature of convection on the systeam studied.

Whilst it appears evident that dendrites and needles trowing from either mmlu-

lion or vapor have a amleculary rough Interface_ the _routh node of the faceted

crystals under low supersaturation is still unclear. The presence of defects

(screw dislocations) amy be important for growth under these conditions and

needs to he Investigated. Equally Important, the role of slow convection in

enhsncln_z local supersaturation, amy he Important In the crystallization pro-

cesses, since under these conditions growth rate Is proportional to the square

of the supersaturation. These _uestlons are of a fundsmentsl nature, and apply to

the growth of any crystal.

The transition to growth rate proportional to supersaturation once s criti-

cs1 value for surface nucleation Is reached amy also he Influenced by low flou

velocity. This Is suggested by the ground based experiments on habit change of

Ice _rovth from the vapor at lay supersaturatinn. These are relevant to solidi-

fication of s bulk sample (a =_tal csstlnf) where both Initial dendrite frowth,

secondary crystallization by dendrite wotlon In the resulttn_ overall convection

and fInal crystallization of the a4c_re_ste are all tmvortant. Each stace Is

influenced by the presence of a gravitational field and the resulttnf fluid

flow.
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In the absence of kinetic c'onstderstlons, the adiabatic thermal behavior of

I smpercooled solution for Ice crystallization or hydrate crystallization _)uld

be IAenttc•l. The base equatlons (I, _) show that the then•a1 _Mve spreads out

more quickly f_0m the crystal than the concentr•tlon wave, _hlch is controlled

by tee low dlffuslvlty of the Ions In solution. TEe observed crystallization

rates are rapid, so that beyond • few degrees supercooling a laboratory sized

sample would be ,oltdlfIed to • fraction consistent with its In£ttal super-

coollng - -6Z for the case of ice supercooled by 5"C. The observations show

that the tetperature rlse to near the equtllbr[um point in either case for ice

is Instantaneous - within the re•peruse tlme of the measuring system (< 0, I s).

By contrast the r_spo_se time for the sodlm, sulfate is such slo_er. This is

consistent wlth • kinetic effect, Implying that there are no harriers to Ice

crystslllsstlem - we know that growth In tee "•" axis direction Is not limited

by ktnetlcs. _7 contrast, _ have evidence that dec•hydrate crystalltzatlon is

llslted by kinetics at supercooling less than I-2" C. It follows that tnltl•l

crystalllzstion In the former case proceeds until the equillbrIma temperature Is

reached to less than O.I'C within the time resolutlon of the temperature -eas-

urtment; in the second case lover non-klnetlc flatted growth proceeds until the

supercooling Is ~ few "C. beyond which kinetic limitations are rate 1tatting and

the temperature rises more slowly.

These considerations lead to the following conclusions:

• Pot dendritic and slo_er (faceted) growth, convection rates are Important:

in bspurity segregation umder quite specific conditions. These depend on

cry•t•1 kinetics, density mccess, tnitlatfor, of convection, and the fluid

thermal and dlffuston properties.

• Convection is isportant In vapor growth in changing kinetics under con-

ditions typical of the •ttmsphere; it Is only laportant In Ice growth In

solutions at mall supercooling and long .tams.
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• Convection Is only Important In sodium sulfate growth at moderate super-

cooling and under these condltlons segregation end defect structure could

be slgnlficantly influenced by lack of convection inn low g.

• Dendrite tlp crystallization Is Influenced by convection In some systems;

this effect can be removed under low g. For these not so Influenced,

single narrow filaments uninfluenced by convection can be produced In the

ground laboratory by withdrawing the dendrite tlp at the crysta/llzatlon

velocity. The technique may not be possible for a system exhibiting tip

convection, when an extended low g envlronment may be advantageous and

allow large dendrite width st lower supercooling to be produced. The

role of ele_tromagnetlc dm.plng needs to be investigated In this s£tua--

t ion.

• Inhlbltlon of secondary crystals In Larger systels by removal of col-

lision breeding in a non-convecting low g env£ronm.ent can s[gnlf[cantly

influence complete solldifIcatlon of a =_lt; crystal rearrangement by

surface tension effects would become doafnant.

• The low g envlronmen _. [s valtmble for d£ffereutiating between buoyant _d

£n__rtial effects in Ideal fluid flow systems such ss vortex ring propaga-

tion or plume t£p rise.

An Ideal growth arrangement for such studies will require not only the un£-

form low g of space but the cspab£1Ities of b/gh g (by a centrLfuge) for compar-

ative purposes. The comparative effect of the h/gh/low g on KC135 have de_on-

strsted the utility of changing g In a controlled wry. Future plans for space-

station material science and fluid -.echanfcs studies _ed to take these criteria

Into account.
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Wig•re taFt.tons

Fig. 1. s, b Containers for Investigating crystallLsatLon of uniformly

supercooled liquids. I_clestlon st achieved by Injecting •
cold vtre or • seed cryetsI into the narrow pIastgc tube.

The Larger container (b) enable8 the growing trysts/ to be
moved at • fixed velocity up to 0.5 ca s -1 relative to the
liquid. Volmse (•) 10 ud, (b) IO0 .,1,

Fig. 2a Thersal diffusion cA•tuber for ice crystal growth frem vapor

under controlled temperature, end supersaturation.

FLg. 2b Theru_ dLff_ston ehamher for Ice crystal growth from vapor

under controlled temperature, mad supernaturattem. Typical
temperature and supersaturation profiles
A 0.$9"C am-1 S 0.47"C an -1 C (_.37"C usa"!

Fig. 2c The dy_mlc chamber for co•trolled _euttlattoa •t vtloclttes
up to 1?_ s -1.

FIg. 3• Schlleren optical system for lnvastlgatloa of crystaI grovth
in solution.

Pig. 31) ttach Zender laterfercaeter for RC135 solution growth study.

FI4_. t G_Twth condition In • vapor w.*th variable carrier gas dlf-
funivlty. Cooductton dominates In the absence of a carrier

gas, and the cry•t•/ smrfsce tesq_rsture approaches that for

• vapor pressure at the envtrmmental temperature. When dif-
fusion dominates (carrier gas at high pressure) the crystal
and envtrmment are almost Isothermal.
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'IP'Lg. 5 Increase of Temperature with TLme during Adiabatic Crystallization of

Sodium Sulfate decahydrate from solution. Trace of temperature
recorded by therlocouple shown in Fig. Is. Crystallization appeared

complete after 2 minutes, but final temperature van not reached until
& a[nutes later.

IrlR. 6 Increase of temperature foUowing adiabatic crystallization of ice
from lq_Cl solutiem. Note that the initial temperature of the eolu-

ttoo Ls 0.25"C below that of the equtlibrhm temperature of the ori-
ginal solution; resulting fron solute rejection during ice crystal

growth.

Fig. 7 Cross section of static diffusion chmaber for Ice trysts! growth In

air or heittm at controlled pressure.

VI_. 8 Chamber filling and flushing connections.

Fig. 9 layout of static diffusion chamber for ice crystal grovth from the

vapor. It Is mounted In palette ready for KC135 parabolic trajectory

flights.

;rLj_. In Vertical and lateral g coQponent during low g KC135 parabola
and high g pullout. The effect of turbu/ence along the flight
path gives g uncertainty ÷ 0.05 in low g and 1.8 + 0.I in

high g with lateral turbulence effects + 0.05 g.

FiR. 11 Ice crystals growing In the static diffusion chamber at temperature

- 5" C, ice supersaturation &Or in helium at 500 mb pressure.

Fig. 12 Linear growth vtlocity of Ice crystals In hellum for different

pressures.



Fig. 13 Growth of Ice crystals In helium (500 rob) showing lower

growth rate In low g and hlgher gro_rth rate In high g.

!23

Fig. 14a, b Habit dependence of Ace growth from the vapor In alr o_ super-
saturation at - 5"C. Initial growth: 12Z over Ice giving a
column; later grovth : IZ over ice giving a plate (a); final

grovth at 5Z over Ice to give a hollow coltmn (b)o

Fig. 15 Refractive Index of tmter shows a flat _s.xl_ Just below the

equilibrium fusion point R20 , end Just above for D20. In
either case, the difference was not great enough to give
visible effects In the Schlleren system.

Temperature of Heltlng Temperature of

maximum density point maximum refractive
Index

.20 +_*C 273.15"C -2

D20 +II*C 276.97°C +7

Fig. 16 Phase diagram for sodium sulfate - R20 solution. Point A
represents conditions of a supersaturated solution, 2.2 N;

supercooled by 6.9"C° On nucleation, crystals grow with a
driving force equivalent to the Intersection of the horizon-

tal line with the equilibrium, _I- 0.8 N

Fig. 17 Sodium Sulfate Decahydrate Crystals Crowing Into Supersaturated
Solutlon fro_ a nucleation teflon tube below the surface.

Three crystals are visible; a tiny one at 3 o'clock, the
longest one (whose grotrthrate was measured) at a o'clock, and

one _rowtng downward at 5 o'clock. The two vertical lines

(a, b) at the left are the plumes of depleted solution.

Growing crystals appear dark, because the picture ts printed
from Plus-X Peversal 16 m movie film. 3.0 N, _T = 4.3" C.
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F£g. 18: C_mparfson of Characteristic Length, d, wfth Supercooling and

Concentration sodium sulfate decahydrate.

a) 3.0 M, AT = 4.3" C,
d = 0.16 cm, R = 0.02 ca s -I.

b) 3.0 M, AT= 7.7" C,
d = 1.7 ¢:m, R = 0.2 em s -I.

c) 2.5 M, AT = 7.2" C,
d = 0.6 cm, R = 0.I cm 8 -I.

d) 2.5 N, AT - 8.9" C,
d = 1.8 cm, R- 0.2 cm s -I.

FLg. 19a Relation of character£stic length and supercooling for pltme

detachment for a crystal of sodium sulfate decahydrate growlng

horizontally.

Flg. 19b Nacb 7_nder £nterferogrms of 2 lq. Ns2SO 4 - I0 I_20 crystals
growlng tn solutlon, I g. at supercooling 2.4"C.

This sho_m a low denslty plume rlslng some 3mm beblnd the growing

tip, tndlcattng a hlgher concectrattou 0G both sldes (a, b). An
/nstabtl/ty (sollton) moves down the cryst-'ai"-(e) to be released

to_mrds the tlp (f).

Fig. 20 Plume from e moving trysts/ In 2.5 Pl Na2SO i solution.
Supercooling AT = 4.8" C. Crystal moved left to rlght
at 0.15 cm s-] between t - 17 smd t = 78 s.

a, b, c show the starting plume.

Flg. 21 Phme from a mov£ng crystal £n 1.0 N lqs2SO 4 solut£on.
Supercooltng AT = 5.5" C. Crystal moved left to right
at 0.26 em s-I between t = 17 ssnd t = 29 s.
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Fig. 22 Successive stages of plume behavior of ice crystals growing

in 1.O H MaC1 solution. Supercooltn_ _T - 0.5* C_ Crystal
moved left to right at 0.15 cm s -_ between t 34 s and
t - 59 s.

Fig. 23 Growth and convective veloclty ms a function of supercooling

in Na2SO 4 solution for a stationary crystal at different
molaritles. Convective velocity at 3 N not avallable.

Fig. 24 Growth and convective velocity for Na2SO4.1OH20 crystals /n
2.5 M Na2SO 4 supersaturated solution as s function of super-
cooling. _oved at a velocity VT - 0.15 cm s -1 through the
solutlon.

Fig. 25 Ice crystal growth tmder stationary and 0.12 am s -I transport

velocity in 0.2 N I_Cl solution.

FLg. 26 Growth and convective velocLty for ice in 0.4 M NaC1 super-

cooled solution as a function of supercooling. Transport

velocity VT = 0.17 cm s -I.

Fig. 27 Growth and convective velocity for lce /n 1.0 H It.el super-

cooled solutio_ determined by supercooling and trausport
velocity.

Fig. 2R G'rovth and convective velocity for ice Ln supercooled sea

water as a function of supercoolllng at transport velocity

VT = 0.15 cm s-I.

Fig. 29 Oro_h and convective velocity for 1.0 N and 2.0 N sodium
sulfate selution. Transport velocity Vy = 0.26 cm s -I.
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ylg. 30 Growth and convective velocity for sodium sulfate 2.5 N solu-

tion. Transport velocity VT = 0.15 cm s-lo

Fig. 31 Ice growth and convective velocity for 0.6 M and 1.0 Pl I/aC1
solutlon. Transport velocLty VT = 0.15 cm s-1.

Fig. 32 Growth and convective velocity as a function of crystal transport
veloclty for dLfferent molarlties_ supercoolLng 5.5" C. Arrows

indicate expected growth rate In low g In absence of convection

observed In 1.0 g.

Fig. 33 Ice crystal growth rate and convection velocities at different
transport veloclty for l_aC1 solutlon, 0.2 M and 1.0 M. Arrows

indXcste expected growth rate In low g In absence of convection
observed In 1.0 g.
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Fig. 34

(a-x)

Crystal growth and convection in 2.3 N sodium sulfate solution.

Nucleation was achieved by Inserting a decahydrate crystal into the
tube. Initial equilibrium temperature 27.00C; initial supercooling

5.1°C giving An k = 0.06 (k - .6328 _m) (from Fig. A4).

-._otography of a growing crystal began In low gravity (a), continued
for ~ 17 s at g ~ 0.05 + .02 (with variability due to atmospheric tur-
bulence) and then contl'nued as g increases to > 1.2 g. Growth rates

are given for crystal A, B, C, h in Fig. 35.

A plume of low density had emerged from the capillary (k, 1) and is

essentially stationary during low g, but accelerated up_mrd as g
Increased. Two other plumes rise from the horizontal crystals as gra-

vity Increases k 2, 3. The main set of fringes are frum monochromatic
light (0.6328 _aa) with fringe spacing and de:aU In uniform density
resulting from tnhouogenlties In the container and the angular offset
of the mirrors. The close fringes shown at the bottum of the cell
results from the curvature of the glass. Narrow diffraction fringes

occur around all regions of sharp dIscontioulty, and are Ignored In

thls analysls.

Se0uence 1: a - p shovs crystal growth and plume development going from

low to high g.

Sequence 2: q - x shows plume development In high g, decreasing on entry

into low g.

The boundary layer around the downward oriented crystal D(t) remains

unchanged from high g to low g, but increases as g increases (w, x).
The boundary layer around the slant crystal E(t) decreases In thickness

as the tip convection decreases and finally ceases In Xow g.

Crystals s_tll move around under low g presumably because of capillary
effects.
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Fig. 35 Crystal growth rates and plume rise velocity during gravity change from
low to high. Data from Fig. 34, A,B,C,h; I, 2, 3, k

Fig. 36 A bouyant plume which emerged from the nucleation tube In high g
reulns almost ststlonary in low g (a - 1), accelerates as g increases

(J - 1). A vortex ring Is created from a fallen crystal (out of the

field of view) rises as g Increases (m - n). Inltially a imke is evi-
dent, but is not apparent at a later stage (s,t). u-z shows a further
sequence vlth different internal structure. Supercoollng 2. 5"C.

Fig. 37 a, b, c Velocity of the plume and vortex ring in Fig. 36a related to
gravity. There Is an apparent decrease of vortex ring velo-

city as It rises, tn both cases. _ imgnltude ts not available
in this region.

Fig. 38 A downward growing ice crystal In 6.01 1.071'/ NaC1 (AT - 1.3" C) gives

no convective plume in low g smd takes _ 13 s to initiate a downward
convective pltme in h[gh g. The crystal rotates and grows slightly

faster on entry into high g.

Fig. _9 Growth velocity of the downward oriented dendrite (Fig. 38) Is u_re

lated to g. The plume of high concentration NaCI solution takes
~ 10 s before leaving the dendrite lush.

Fig. &el Influence of high gravity on plume convective veloclty and growth

rate of a horlzontally growing ice dendrite in 6.O1 1.07H NaC1.

Supercooling I.I'C.

Fig. &l PhJclestion and growth of convective plume transported crystals. Nat1
solution 6.0Z I.OTN supercooling 1.3" C. 15m crystals nucleate along
the pltme injected dolmward from the capillary tube after the Initial

nucleation (a, b). As they grow they rise (g) 1.2 in each case),
the crystal line becoming unstable. The higher density fluid Is

apparently carried along with the crystals and does not have time to
drain.
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Appendix- FLgure Capttons

A-I SpecLflc gravLty- uolarLty for sodltm chlor£de solutLon.

A-2 SpecLfLc gravity - uolarLty for dLfferent temperatures of sodlmm
sulfate solutLons. The curved llnea are equLILbrltm for the deca-

hydrate and the anhydrLte.

^-3 Temperature dependence of the Ltnematic vtscosLty of 2.95 N sodLmm
sulfate solucLon.

A-4 Refracttve Lndex for sodium sulfate and sodlun chloride solutLons.

A-5 Temperature dependence of refractLve Lndex for sea mter.


